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FINAL REPORF: A~~) Grant No. DAAG29-77-G-02 17 ,
“Investigation of Load- Induced Nonsynchrcnous

Whirl Instabilities in Rotating Machinery” S

The grant for this investigation was made to the University of Florida —

— 
(EIES) in the amota~t of $70,469, for a period of two years beginning in Sep-

tember 1977. A third year of fund~ing was made optional at the discretion
— of the Army. The Principal Investigators were Drs. J. M. Vance and G. N. .

Sandor .

At the end of the first year, Dr. Vance j oined the ~4chanica1 Engineer-
r ing faculty at Texas MM University, leaving the grant under the direction

o~ Dr. Sandor. Several months later , the grant was terminated by the Army .
— This report gives results accosaplished ~ç to the termination date ,

and also gives certain material required for a possible future con~ 1etion

of the work.

— Objectives
S 

— 

T!~ overall objective of this investigation was to experimental ly verify

II (or modify) and analytically extend the two available theories which can 
S

— 
- 

explain torque-load-dependent nonsynchronous shaft whirling in turbomachinery , . 

-

~

~ L so as to develop an ieproved methodology for design of cosiq ressors and turbo-

shaft engines. 
S

The specific technical objectives were:

1. To experimentally verify in a controlled test apparatus the math-

— eniatical solution of reference 1, called “torquewhirl”.
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2. To experimentally verify the existence of the aerodyn~~ic tip-

clearance effect hypothesized by Alford in reference 7, and de-

tenaine the direction of the inckiced tangential force.

3. To extend the analysis of reference 1 to thcl~4e the effects of a

fore general type of shaft fl exibility.

- 4. To derive the linearized stiffness and dai~iing coefficients re- 
p

suiting fron the “torquewhirl” generalized forces, for use in a

linearized stability analysis , such as the one developed by Lund

(reference 14) for nailtiple-disk rotors with flexible shafts and

other realistic cosçlexities.

5. To verify the usefulness of the theory by incorporat ing the u n -

earized “torquewhirl” and Alfor ’d coefficients into a stability

- 
— analysis (such as the cos!~,uter program of reference 14) to predict

the threshold of whirl instability for a rotating machine with an

available background of test data for cos~ arison and/or verification.

Results v’~d/or Status at the Termination Date

— 
There are seven tasks described in the grant ’s Statement of Work which

are designr d to reach the above objectives. At the t ime of termination of

— the grant , these tasks were in various stages of coiçletion , as described

below. Wherever the results or description of status involve extensive
— 

details , they are relegated to referenced appendices.

Tasks 1 and 2: ExperImental Verification of “Torquewhirl”

— 

A test rig capable of producing torquewhirl under controlled and measured

b
~~ , 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~tn~~~~~~~~ __ ~~~~S._SS SS - • S~~S~ SSS ~~~~~~~~~~~~~~ 
___~~~~ _ _ .  ~~~~~~~~~~~~~~~~~~~~~~~~~ - 
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• conditions in the laboratory has been designed. The basic test problem

addressed by the design is that torquewhirl normally occurs only in rotating

with extremely high levels of load torque and horsepower, a condition

which is expensive to slnulate in the laboratory . This problem was overccm~
- by designing the rig with very low danping and very high susceptibility to

torquewhirl. 
S

— 

Drawings are now ready to begin shop construction. The design is the

result of an extensive optimization study to produce measurable levels of

torque-excited whirl with the relatively low levels of torque available in
— the laboratory from a 15 HP aircraft electric motor. The design includes

a unique concept to apply the torque in a controllable maimer. See Appendix

A for a detailed description of the design procedure and the resulting test

-
— 

rig design.

— 

Task 3: Measurement of the Alford Force

A test rig to measure Aifrod ’s force has been redesigned and rebuilt

— with a flexibly-mounted fan rotor , adjustable housing offset , variable-speed

motor, and instrunentation to measure the deflection produced by Alford’ s

- 

— force . The instnmentation includes a special filter circuit to enable the

— 
very small DC deflection signal from Alford ’s force to be measured in the

S presence of unavoidable vibration from shaft unbalance , runout , and bearing

— roughness .

Measurements from the original test rig did produce indications that

the force was in the direction predicted by Alford , but the data was con-

— 

sidered inconclusive because of surging , large standard deviation, and the

_ _ _  5 -, - ____
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presence of a large synchronous vibration c~~ onent in the signal.
— 

In the new rig , vibration has been minimized by the use of instrtm~nt

quality bearings , and by precision balancing of the rotor .

The new rig was just ready to begin providing data at the time of

writing this report.

Details of the rig design and results obtained to date are given in

Appendix B.

Task 4 : C~~ arison of Test Data with TheoTy

This task is dependent on future ccaçletion of Tasks 2 and 3.

Task 5: Inclusion of a Mere General Shaft Flexibility In the “Forquewhirl”
Theory S

This task is a modification of the original Task 5, in keeping with a

suggestion by one of the Proposed Reviewers that the single-joint shaft

flexibility model in reference 1 is too restrictive. (Docimented by letter

S correspondence with Dr. Ed Saibel) .

There are two ways one can take a more general shaft flexibility model

into account . ~ie is to expand the three degree of freedom model of reference

1 to four (or five) degrees of freedom, allowing the shaft to bend in a

general maimer, end attai~ ting to find an exact solution to satisfy the non-

linear differential eàuations of motion (as in reference 1). The generalized

coordinates are chosen to render the f~.itctional solutions tractable.

The second approach is to first derive generalized forces in a cartesian

coordinate system from a virtual work expression which includes the four

bgrees of free~~~ allowed by the flexible shaft . Linearized stiffness and

t J

_ _ _ _ _ _ _  - .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-~~~~~ 5~ 5~ 5~5 - S 5 -
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daeping (Lund) coefficients are then derived from the generalized forces ,
— 

and can be used in a coeputer progrem such as the one described in reference
14.

The two approaches are radically different, mathematically, because
— of the different choice of generalized coordinates to describe the motion.

The former approach is outlined in Appendix C.
— 

The latter approach is the subject of Task 6 , and is described in Ap-

— 
pendix D.

- 
Final results haie not been obtained as of the termination date , but

work on these tasks is being continued at Texas MM University by Dr. Vance
-
~ and Mr. Brian Merphy .

Task 6: Derivation of the Linearized Stiffness Daiiping, and Cross-Co~~lIng
- 

for Use in a Ccq uter Stability Analysis
S 

These coefficients have been derived for the “rorquewhirl” model of
— reference 1, and are given in Appendix “D”.

Derivation of the coefficients for the extended flexible-shaft model

is still in progress . The approach is outlined in Appendix D.

Task 7: Load-Dependent Stability Predictions for a Machine of Realistic
S Ccu~ lexity

- Part of this task , as stated in the Proposal, was to “iq rove the coin-
-

- 
putational speed and accuracy by incorporating the method of reference 15

to generate the coefficients of the characteristic polynomial , which can

then be ni.marically solved for the cai~lex roots .” The proposed method

involves using the transfer matrices to generate the polynosninal coefficients .

~1

[I

L ___ 
_ _ _
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Since this is conceptually difficult for the general rotor dynemic problem
with four boundary conditions and c~~ple.x roots , work was started by apply-

1, ing the method to torsional vibration probleem. Results of this initial
U work are given ln Appendix D.

I The major part of Task 7 , a c~~ arison of stability predictions withii
from an unstable machine, had not been addressed as of the

~ since it is dependent on results from Task 6.

‘Si
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‘fla rs~~~t1y p~à]ii~~ !lbxq i . d~1x1 tt~~ iy d.fir~. a pomaiM.

- L ~~xcs of &ivixq .i*rgy I*lidL y )alp om.. failure dum ~~ r~n-

s~ d~rci~~a shaft ~~ir1~n~. ~~ a~ effort ~~ invsstigs~~ this

S poesihi. &ivinq aowcs, a ~~st rig ma t be dmai~~ d. ~.

S 
- 

of _-
~~. ~~~t q is - 

~~~ beqiimthg ~~ tha pimasnt.

I ~*...rua pxthl.r hay. bssra .r~~~~tar.d and are p~smi~~~d a]cs~

- with thair pxcpasd molutians. A d.tail.d dmecripticr of the
(. 

~~.t rig, ma r~~ si~visior~~ , is inc1~~mi.

~

~1

S
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- conditions in the laboratory has been designed. The basic test problem

addressed by the design is that torquewhinl normally occurs only in rotating

- -  
machines with extremely high levels of load torque and horsepower, a condition

which is expensive to sinaiJ ate in the laboratory . This problem was overc~~~
by designing the rig with very low dancing &td very high susceptibility to

S torquewhinl.
— 

Drawings are now ready to begin shop construction. The design is the

result of an extensive optimization st~xiy to produce measurable levels of

1. torque-excited whirl with the relatively low levels of torque available in
— the laborato ry from a 15 HP aircraft electric motor. The design includes

a unique concept to apply the torque in a controllable manner. See Appendix

A for a detailed descripti on of the design procedure and the resulting test

— 
rig design.

Task 3: Measurmm~nt of the Alford Force

A test rig to measure Aifrod ’s force has been redesigned and rebuilt

with a flexibly-mounted fan rotor , adjustable housing offset , variable -speed
S motor , and instn inentatic m to measure the deflection produced by Alford ’ s

— force . The instrunentation includes a special filter circuit to enable the

very small DC deflection signal from Alford ’s force to be measured in the

presence of imavoidable vibration from shaft imbalance , runout , and bearing

— roughness .

Measurements from the original test rig did produce indications that

the force was in the direction predicted by Alford , but th. dat a was con-

— 

side red inconclusive because of surging , large standard deviation , and the

- 

S 
-

- — -5 - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ —- —- — - S  5
~~5~~~~~ — — 
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Presence of a large synchronous vibration camçonent in the signal .
— 

In the new rig, vibration has been minimized by the use of instnment

— 
quality bearings , and by precision balancing of the rotor.

5 - The new rig was just ready to begin providing data at the time of
writing this report .

Details of the rig design and results obtained to date are given in S

~~pendix B.

— 

Task 4: Comparison of Test Deta with Theory

— 

This task is dependent on future completion of Tasks 2 and 3.

Task 5: Inclusion of a Mere General Shaft Flexibility in the “Torquewhirl”
Theory

This task is a modification of the original Task 5 , in keeping with a

suggestion by one of the Proposed Reviewers that the single-joint shaft

— 

flexibility model in reference 1 is too restrictive. (Docus.nted by letter
correspondence with Dr. Ed Saibel) .

S — There are two ways one can take a more general shaft flexibility model
into account. C~ie is to expand the thr ee degree of freedom model of reference

1 to four (or five) degrees of freedom, allowing the shaft to bend in a

general manner , and atte mpting to find an exact solution to satisfy the non- 
S

linear differentia l equations of motion (as in reference 1). The generalized

coord inates are chosen to render the ftv~ctional solutions tractable .

The second approach is to firs t derive generalized forces in a cartesian

coordina te system from a virtual work expression which includes the four
— 

— 
bgrees of freedom allowed by the flexible shaft . Line arized stiffness and

—- -~~~~~~~~~ 
~~~~~

—
~~~~~~~~—
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that mare’ of the para~~~~s used in tI~ ~~sign of a test rig are S

- 

~~~l.d. ~~ nature of the oo~~ling is rath.r complmc erd can best
be seen in Figure A-2. ~It~r. are further co’.~)lings bsbasen par~~ ters

— 
- 

that are not re~~i1y visible fr~ i Figure A-2. Pbr .,em~1., it is not

~~ ricus that an ir~~sass in ~~~ ~~~~~ of inertia abont ~ point
- 

of angular ~~flsctiom remulta in an increase in ~~~ ~~~~it of hors.-
p~~.r rs~uirsd to p~~d~~s to q~~adrl. ~br Ia it ~~~ic~a that
this sas increas, in ~ a ~ m~nt at inertia rsdu~~. tbe shaft mpssd

- r*~uired ~~r tozq~~~airl. Hiiien r lations auth as thes, make it

~~tx em.]y difficult to get a rig ~~~ign.
—

—

I~
. 
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~~~~: 
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Design Concepts
- 

d~~~~ a~~~~~~~ 1ax nature of ~~ parasetsr relations ~ms
tm~~rstocd, a test rig yes ~~nstnrted by .rotber investigative

team. ~~t surprisingly, this rig failed to pro~~~~ torgu.*~irl. £A~~~

— reason, of ~~~.s, _ that ner~’ of the Important relations ~~ ‘e

completely overlooked. A sketd~ of this system is shown in Figure A- 3.

~~~~~~~~ ~~~ rig was buicell.y a failure, it did provid, this effort

— 
with a starting plao..

— - It was kr~ ,n beforehard that the ms,djm.m~ p~~~r awdlahle i~ u1d

-• 
be arc~~d 15 H.P. This fact pat limitations on the system deels n

that ~~~e rot fully urderetcod at U~ time. ‘fl* first atiai~ts at

d~~~~ sys~~~ develcçs~emt war, based on p~~~ dissipation. Th. basic S

- design was to have sa~ sort of p~~ r dissipation unit eusperded on

— r  a ahatt. T h a i  ft was -to bs cotçl.d to the main drivs shaft at

S 
the point of angular deflection. (S.. Yiq A-4) 

~~~~~~~~ o~~~j~• of

L dia3.~Q’ttion unit ~—- rot to turn ~ at was to be held by springs tI~at

- 

~

— I ware grour~Ied to the r~~ort fras.. ~~~~~~~ reason for this was so that

the whirl notion could be ovs.rved without any rotation. Thisr also was the easiest wsy of a~~1ying a reaction iced torqja to the

dissipation ~mit. ~~~ typ. of dissipation could be either coulait

friction or viscous friction. Visouu. friction was doeen for this system.

It was thot~ht that an laiç*ller could be placed inside of a )‘o.asliwj

that was mç~~~ted by the sai~ shaft that was used to drive the

-~~~~ 
- 

_ _- —S.——

- —--- -~~~- -- —-— ------- -~~~~~
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— Impeller. ‘fr~ p~~~r was to be dissipated by puping the fluid fran

— 

the ~~ ter cut to the edges ard then recirculating it back to the 
S 

-

~~~tsr . This netlx,d was &u~~Sd because of the many probie~
— associated with p~ ar dissipation c*lculatione aid the possibility 

S

of pimp stail or cevitaticn. Other fluid pimping ideas ~~~s abazà ~ned

for the s~~ g~*ral reasons • ~~ aecord ~~ rosth was based on

— 
viau~*a shear. In this idea, the housing fit very clos, to the

rotating Impeller. p~~~ was to be ~II.elpeted by the shearing

— of a thin film of fluid b.baem ~~ housing aid the Impeller.

This method ,~ uid diasip te a good deal of horssp~~ r, bat required
a large ‘4i~~~ter lnp Iler because it was desired to dissipate ~~~~ c-

— 
Isately 15 H.P. An ~~erational speed of 250 rpm was arbitrarily

esai~~~d. ~~~ae Umitati~~~ ~~~e placed on the system before the

— relations betwaen then _ Jm~ ni. Becaise of the l~ i rpm of the system,

S a large impeller was required. ~br this reason the idea was rejected.
— 

This idea may be n~~e viable ~ en viewed In the Light of higher speeds

whith ~ çear to be possible. A review of this Idea is war ranted before

~~ ahe&1 is given to ai~ other design.

Another idea baa& on viscous friction was put forward at a
— 

design nesting on January 17, 1978 • In this idea the lnpeUer took

_~ fomt of a conical plug. (See fig. A-S) ‘11~ plug fit inside of a

meting housing. ~~~ shape of the outside of the housing was rot

detemiix~~ at the tine bat ~em asemed to be boxlike. ~~~~r dissipation

in this sys~~a was edj~atabl.. ‘lIe ed~us~~~~t was med. by moving

the plug in or out slightly aid thariby d~aiqlng the thieluess of

the viscous shear film. This is basiceily the fovn of the system today.

Li

- -
~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~
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S

At tie tine, tie size of tie system was still n~)o~~n. In an -

.

effort to get saze feel for Ixm larg. or ainall the system should S

be, several mathematical models were set t~~~. ~n equation was

devel~~ed ~~ith related horaep~~~~ dissipation to size, film
S thickness, vie~~~ity, shaft speed aid angle of plug cone.

L -.
— - 

This equation was used to develcp horaspower dissipation vs. 
S 

-

speed caves for the various models. ‘lb do this, tie viscosity was

— asaused to be 56 mi~ o rsyns (Dow Corning ~il4i~~i fluid 1000) . ‘lIe
L film thickness was taken as .003 li~~es. ‘lie cone half angle was

— taken as 300. It is inpor-tent to rote that during the design

S 

— 

process tie valus of f, the ,&~irling frequaix~y ratio was limited to

I; be between .4 anl • 7 so as to rew’t,~1e sothal field data. ~Ie curves

— ware revie~ed in light of this limitation on f aid tie assumed horse-

p~c~ r avA{1~hle. Fran tie review, cre system was chosen as most
— 

desirable. At the time this selection was made, most of tie relations

bet~~~n paraseters ~~~e still to be ~~covered. (~br eemple, though

tie system selected f~~~ tie c~~ves ~~ ild dissipate an edequate ano~~t

- 
— of horeapower at a certain rpm, it ‘4vuld. not be dissipating enough

at that speed for torq~~thfr1 to be produced.) The selected system
— 

was then analyzed n~~e carefully. ~ e effect of changing the shaft 
S

length, tie effect of changing tie speed, aid most other parai~ ters

as well, ware investigated. This is wlwa~ tie relationships began to

— ~~~ear between p~~ r, spee’1 aid m~i’ient of Inertia about the ~~~~ling

(located at a point of angular deflection). ‘lie aelec~~ system was

continually modified. ‘lie purpose of all nodificetions was to inorease

S -

L - - 
- 

- — - ~~~~~~~ ~~~~~~~ -

~~~ 
—
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1. ad ~~~reess tie ~~~~r requizad for torquadiirl . * 1te result

I 
of all tie bui~, modifications was a reduction in size aid removal

of tie shaft fran tie coiçl. to tie dissipation wait in favor of -
‘

-
• a direct connection. A s)~ tth of tie basic ~siit as was psraeived at

this st~~~~i s t h~m I n Pigure A-6 .

.1:

I S

* Note : t s e x e  b.op rs vith~~~ith w a a r econosriad. ~ e

is tie pw tie unit viii dissipate at a given rpm, aid tie other

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
S
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S S Problems with the Basic Unit 
-

any machine, the percent of oritical dapii~ that will be
- 

present in tie final orsetruction is very difficult to determine. S

- Thr tie torq~~ thirl test rig tie pe~cent of daping is a very

important para!eter. It has a direct effect on the amount of horse-

P~a~ that is reauired for torq~~thirl . Before any finalized

design can be devei~~ed tie value of ~ 
nn~~t be determined. ‘lb do

this a rig nodal was constructed aid the percent oriti~al deiping

was determired by tie log d.c~~ ent method. The value obtained was

H - .24%. This very 1~~~value enabl~.tie systen to

function at nm~~i higher speeds sinos it re~uires less pa~~ to produce

torquevhirl.

‘lie system in its present form will dissipate approxImately 1.2 H.P.

This Ixings i~~ an thvious problem. lbw to get rid of 12 H.P. iorth
- 

of heat. It was at first hoped that tie thermal ~spaeity of the
S alunir”.~n plug aid houaing ~~ ild be sufficient to absorb tie heat while

tie necessary readings ~~~e taken. This did not prove to be the case.

Based on th~~i~~1 ~~pwitazos alone, the operating tine before a
- 

t eut*z’e in ~~ esa of 2500 F was reached, was only 59 secoids.

Sans method of lest transfer would have to be devised. Calculation

for free convection showed no i~~~.,~went, so for~~~ convection was

S considered • It was ~.c4deA that fins would be reos’a.ry to get tie
S rate of lest transfer rs~uired. !lie fins are to be machired Into tie
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previously cylirdric*l housing as slc~~ In Figure 1-7. Forced f3~ ,
S 

was ass~zimd at six feet per s.ocid , based on e~çerinent.al resu.Lts

fran a itaidard blc*ar. Analysis for the fins was carried cut apart

fran tie rest of tie housing. Based on tie f]mi velocity aid an

assued steady state taperatm-~e difference of 175°, a convective

heat transfer coefficient of 197.5 ølU/1~r-ft2-~F was obtained. ‘lie

rxm—firzed portion of tie housing was. analyzed based on tie flat
S 

plate asaisiptions. It tixred out that sight fins, 3/8 of an inch

thick would be sufficient wt~~ ~~~ 1ned with other surface transfer
S 

- 
- rates. ‘ne forced convection is to be dsvel~~ed by attaching a small

fan to tie portion of the shaft that is rigidly fixed in the bearings
S 

- 
above tie oci.~1Ing. ‘lie fan will turn at the shaft speed of the

system. Aix will be drain i~~~ through a large tube that .irro~.uda

the dissipation unit (see Fig. A-8) . Tie f1a~ velocity can be controlled

by ports at the bottam of the tube. Partitions will be placed in the
S 

tube to ensure that the f1a~, is turbulent before it reaches ti-a
- 

S - 
dissipation unit.

1’ Another problem, not quite as obvious as the heating problem, is

a result of tie centrifugal effect tie rotating plug imparts to the

visocus film layer. This csntrifugal effect causes tie fluid to,

in effect , be pusped out fran wder tie plug. The ret result is

that tie plug is sucked ~~~n with more aid more force. This contirnes

until the plug seizes. To alleviate this problem, tie plug is fitted 
5

with -bm return ducts which can be seen in Figure A-9. ‘fleas ducts

insure that the fluid will be able to get back down ~.uder tie plug .

‘lie angled portions of the ducts act as centrifu ~~l pu~ps in themselves.

Tie use of this solution to tie seizure problem re~uirea a level

~~~~~~~ —~~
- 5— —- ~~_ ~—__ ~_~~S — ~~~~~~~~~~~~~~~~~~

-—- ——5-- _ _ _ _ _ _ _
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of fluid to c~~~ tie ~~ of tie plug. In order to prevent this fluid

fran bsing slung out it is re~~nery to put a cap over the entire S

S 

lousing. Thu plate serves b~ purposes. First , of ca~ ss, it keeps S

S ti-a fluid fran being slurq out, aid .acoid, it provides a seat for

the ~ ç bearing. This ~~~ bearing is irolw~ed to ensure aligishent

aid prevent lousing w**~le. (See Fig. A- 10)

In order to me~~ adjustiz tts to the ~~~~r dissipation it is S

-- necessary to be able to eljtat the film thickness. In the original

S 
b~~1c design this wes dote by tightening a rait that turned with

tie bottan of the shaft. Naturally a more desirable method would
S be ore that allowed Mjustsenta while ti-a rig wes in operation. Ebr

- this p~ poee, a device wes developed that utilizes two wedges. (See

Fig. 1-10). ‘lie top wedge is fixed with respect to the cover plate.

‘lie bot~~~ wedge is free to slide. ‘lie bottan wedge a~~liea pressure - -

to ti-a bearing in tie c~~ r plate. This bearing sits on a si-o~i1irier

— on tie shaft . It has a sliding fit bs-bdeen its outer race aid the

cover plate. 1~~~ the l~~~r wedge is slid in, tie bearing aid thersfor
— the shaft aid plug are farued ~~~~~in. ‘lie film clearance is reduced.

— 
‘lie lovs.r wedge is controlled by bc tlu± ~~~~~~ one on either aids,

that are growded to the plate. ‘lie wedges have an angle of 1.78°. 
S

— It requires 1/2 inch of linear wedge notion to produce .015 in. of

S ~cial plug notion. This corrs.pords to full edju stiusnt of the film S

— 
thickness. T~o bevel ~~ ings are located beneath th. bearing aid

— 
ocntact tie bsarlngs outer race aid tie plate. ~e purpose of tieae

~~ ~~~ings is to aid gravi ty in holding the film gap at tie desired 

~~~~•-~~5’S - - . - . --_ -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~_
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A 9Dod deal of searching wea required to fird a ~ *çling that

— ~~ ild hardle the anticipated 68 ft. lb. of torque aid also the , 

—

~ cpec~~~ 40 of .ngular m4.~~igtment. Parallel missli~~zr~~t features

fowd on nost cc*çlings are rot desirable for this ~~~1icaticn. !li-e

fir st ~oice —- a universal jo int. ~~~~~~~ universals do rot trsnesit

a ocnatant velocity aid were tlerefor deuiad unsatisfactory. t&sarous S

otk~~~ oc~~ling styles ~~~ investigated. ‘lie final doioe wes a
‘liunas !~ del 162. lie liunas oaçling is of the staralard disc pack

cona~~~~tion aid will hardis tie ~ q*cted b e d s .  ~ e possible problem
L that requires testing is tie ~ i’i~ 1 daiçing due to this type of 

S

a~ç1ing. It is loped it is rot sufficient to raise the lorsspowsr

— - 
requir~nant out of tie range of the selected drive motor. ~~~uld

- this daiçirq prove too large, tie ooiçling search will ocntiaie.

~br ~~ .sring tie system, a 14 H.P. aircraft generator wes selected .

~ e basis ~~~ ~~~~~~~~~ wes primarily price, hot also beca’~ e

sana e~çerieroe has bean l~~ with this type of p~~~r drive fran

other projects.

4 .

—

— 
- 
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— Sui~ ary

‘lie primary ~~~ign of tie toxq~~~iirl teat rig is very rear

‘lie design csloulaticn. are In tie process of being

ded~~ out. )~ terial sslactlcn has, far tie most part, bean

aneple~~~. Almost certainly ti-are will be w~~qected problem. that
— will. arias during and after construction. lie. , will be dealt with

- 

as they develap. Every pr’ecaatlcn has bean taken so that rothing

has been overlooked.

At this tine the project is nearing tie construction phase. beat
— renaiza to be dcie is a final deck of all calailation.. A recheck

of tie epm~~ aid pa~ r requfrei~~its far tie system with all
- 

tie changes included in tie calculations aid tie reomary parts aid

— assertly drarsings will be doze. If all ~~es as eçectad, construction

will begin within the next b~ months. Figure A-10 is a sketch of the
- system as r~~ desigred.
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Final Design of Torquewhirl Test Rig

— The design of the Torquewhirl test rig prov.d to be far more complicated 
S

than originally assumed . A thorough examination of the Torqu.whirl equations

reveals a high degree of cross-coupling between the variable design 
S

This coupling became a major problem in the early stages of the design , when

initial sizing of the rig was necessary. The diagram on the following page

— (Fig. A-lA) gives an overview of the linking of variable design parameters.

Once the nature of the parameter coupling was understood , the design process S

— advanced more rapidly. Thus, changes and new ideas could be considered in

light of their overall system effect. (See Appendix A , page 13.)

It was known beforehand that the maximum power available would be around

— 15 h.p . This fact put limitations on the system design . The exact nature of

these l imitations was not fully understood at the early stage of design . The

first attempts at system development were based on power dissipation alone .

The basic system was to have some sort of power dissipation unit suspended on

a shaft . This shaft was to be coupled to a main drive shaft at a point of

— concentrated flexural elasticity (see Fig . 1-21). The outside of the dissipation

• unit was not to rotate 1 but was to be held by springs which were grounded to
- 

the support frame. These springs afford a method for measuring the torque

developed by the power dissipation device. This is accomplished by observing

. the rotational displacemen t of the housing of the dissipation device. With

this type of setup it would be possible to observe the expected whirl motion

without rotation . The method of pow.r dissipation could be the result of either S

— 
. 

Coulomb or viscous friction . Viscous friction was chosen as the preferred

— 

method. In the early stage of the design it was thought that an impeller

— - ~~ S- — S —~ — ——  S S  
~~~~~~~ 5 - — — —— ——-~~~~~~~ 

__
~ ~~~~~~~~~~~ ~ ~~~~~~~~~~~~~~~~~~~~
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FIGURE A-lA
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= total ~~ss .

m~~ent of inertia about axis of rotation

= moment of inertia about point of angular deflection 
S

ICe stiffness refered to point of angular deflection

f = whirling speed ratio
— 

-
~~ W5 ~~ehaft speed

— 

1 = shaft length S

Ii HP = horsepower required to produce Torquewhirl

l~ = damptng ratio S
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L .  S FIGURR A-2A
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could be placed inside of a housing, supported on the same shaft that was

used to drive the impeller. The power was to be dissipated by pumping the

viscous fluid . There were numerous problems with this method, particularly S

with the accurate calculation of power dissipation. Consequently this idea

S 
was dropped . It was replaced by a system based on thin film viscous shear .

In this thin film shear idea, the housing fit very close to a flat rotating

S disk. Power would be dissipated by the shearing of a very thin film of viscous

— 
fluid. A good deal of power can be absorbed by this technique. At the same

time this idea was being investigated, the complex interrelationships of the

— many variable design parameters were not understood, and the method appeared 
S

to require a system of impractical size. In hindsight, this method does indeed 
- 

S

seem to be workable; however, a design idea , put forward at a meeting* in

— 
mid-January of ‘78, forms the basis of the current system. In this idea the

impeller took the form of a conical plug (Fig. A-3A). The plug fit inside of

— a closely mated housing. The shape of the outside of the housing was not known

at the time, but was assumed to be boxlike. Power dissipation in this system

was adjustable. The adjustment could be effected by raising or lowering the

plug thereby changing the thickness of the fluid film. Still , at the time ,

the size o± the actual system had not been determined . Mathematical models of

different sized systems were developed and investigated. The relation of the

various design variables was developed from those models. An equation relating

several of the parameters was used to generate required h.p . dissipation vs.

— 
speed curves for the various models.

For all calculations the fluid viscosity was assumed to be 56 micro reyn s

— (Dow Corning silicone 1000). The film thickness was taken to be 0.003 in. and

*The meeting was comprised of Dr. J. M. Vance , Dr. G. N. Sandor , and Mr. Ken Ard .
I L
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CONICAL PLUG IN MATING HOUSING
I VISCOU S SHEAR DISSIPATION

—

L

_ _ _- -  5 -- 5 -  -5- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - 5- - -



129

and the cone plug half angle was 30 degrees. Throughout the entire design 
S

process the whirling speed rati~ was limited to values between 0.4 and 0.7,

so as to resemble actual field measurements. From a review of the resultant

data, one system was chosen as the most desirable. At the time this selection

was made most of the parameter relations were not known. It was through careful

examination of the effects of changing parameters that the relations became 
S

apparent . The selected system was continually modified. The purpose of all

S 

— 

modifications was to increase speed and to reduce required horsepower . The 
S

S 
result of the basic modifications was an overall decrease in size and the removal

S of the shaft length from the coupling to the dissipation housing . A sketch

of the basic unit as perceived at this t ime is shown in Fig. A-4A~ -

S Problems with the Basic Unit

For any machine, the percent criti cal damping that will be presen t in the

final construction is very difficult to determine. In the Torquewhirl rig

damping is very important . The greater the damping, the greater the power

required to produce the whirl. Before any design could be developed , it was

necessary to find some approximation of the percent of critical damping that

would be present in the basic system. To gain this information a s imple model

was constructed and test measurements were made . Prom the results of the tests

it was determined that the damping was low enough to result in an acceptable

power requirement .

~ I. The system in its present form will dissipate close to 12 h.p . The iumie-

diate problem is, of course, how to get rid of 12 h .p. worth of heat . It was

first hoped that the thermal capacity of the housing would be sufficient to

allow the time necessary to take data without excessive temperature rise. This

proved not to be the case. The housing would reach temperatures in excess of

-• 250 degrees F in less than 59 seconds . When the effects of natural convection

~~~~~~~~~~~~ S-5~~~~~~ S ~~~~~~~~~~~~~~
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are includ ed, no significant improvement is realized . Forced convection was

the natural alternative . Fins were considered necessary in order to achieve

the required heat transfer rate. Forced flow was assumed to be around 6 ft./sec
S 

based on the flow velocity of a standard blower. Assuming a steady state
—

- 
temperature of 197 deg rees F, eight fins would be required . The final design

has sixteen fins and will operate well below 175 degrees.

Another prob lem, not quite as obvious as the heating problem , is a result

of the centrifugal effect imparted to the fluid by the rapidly rotating plug .

This centrifugal effect tends to drive the fluid out from beneath the plug .

The result of this motion is to create a suction which pulls the plug down

into the housing, the final result being seizure. This problem is avoided by

d. drilling return ports in the plug itself to allow the pumped fluid to return .

The pumped fluid would be slung out of the housing if a cover plate were not

S included . This plate serves two purposes; first , it prevents the fluid from

being thrown out , but it also serves as a place to mount the upper bearing of

the cone-shaped rotor . The upper bearing is necessary for the gap control

apparatus. It also helps ensure proper alignment and prevents wobble.

In order to change the power dissipation independently from the speed , it

is necessary to change the fluid film thickness. In the preliminary design

this was accomplished through the tightening of a nut below the housing which

raised or lowered the housing with respect to the plug . In the final design

this same basic idea is applied in a different form . The raising or lowering

of the housing is done by using two wedges . One wedge is grounded to the housing

while the other is free to slide . Due to the angle of the wedge the horizontal

motion is converted into vertical motion of the housing . A half inch of wedge

travel is required to produce 0.007 inches of film gap change .

N
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A coupling selection was made based on an estimated 4 degrees of angular

misalignment , while transmitting 70 ft. lbs . of torque .

Standard universal joints could not be used , since when deflected they

do not transmit at constant angular velocity . After some searching , the

— Thomas model 162 coupling was chosen . It is of the standard disk pack con-

1. struction and will handle the expected torqu. and misalignment .
— T To power the rig, a 15 h .p. aircraft generator was purchased to serve as

*-

a prime mover . The basis for this selection was primarily price , but also

because some experience has been gained with this type of power drive .

— .- The included drawings are self-exp lanatory and provide a detailed de-

scription of all the parts of a test rig as they will be fabricated . Some
— parts, such as the bearings and the coupling , have either been ordered or

already purchased . The major portion of the support structure and safety cage

-‘ L has been constructed.

— r A general idea of the test rig can be derived through inspection of the

L assembly drawings . The assembly drawing has been divided into two parts —

— the upper half and the lower half. The upper half assembly shows the upper
-
- 

- 

drive shaft (Dwg . 5), the upper shaft bearings , and mounting plates (Dwg . 3).

I The mounti’~g plates are held apart by spacer blocks (Dwg . 4). The upper shaft

— is rigidly held in position by the precision Barden bearings and the all steel

support structure of the upper half. The upper mounting plates are to be

I positioned during construction. They will then be firmly clamped to each otJ~ r

1 
and to the support frame by four one half inch socket headed cap screws and

1 nuts. Further positive location is assured through the use of four one quarter

— inch dowel pins which are set in the spacer blocks through the mounting plates.

1 The upper half of the Thomas coupling is attached to the lower end of the

I upper drive by a key and setscrew . A clear representation of the drive shaft

1
r n— -_ _5- - -
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shaft can be seen in Drawing No S The desig n is such that accurate machining

is specified on ly wher e necessary along the shaft (e.g. bearing seats). The
S 

purpose of this is to save both time and money .

The lower portion of the assembly is the most important part as far as

Torqu ewhi rl considerat ions are concerned . The dynamic parameters of this half
I s .  determine the power and speed combinations that will satisfy the Torquewhirl

theory. These ifliportant values have been .carefully calculated . However , the

actual parameters are expected to vary slightly from the calculations . In view

of this fact , some items necessary for rig operation have not been includ ed in

the present set of drawings. The actual dimensions of these small and inex-

pensive parts will not be known until measurements can be made on the completed
S ( lower assembly. The lower assembly (Dwg. 2) consists of a finned housing

(Dwg. 10) enclosing a conical plug (Dwg. 9) which is free to rotate in the

housing . There is a housing cover (Dwg. 8), a slide adjustment assembly (Dwg. 7),

the lower drive shaft (Dwg. 12), lower shaft bearings, and the lower half of

the flexible coupling (Dwg. 6).

The lower shaft design is similar to that of the upper drive shaft . The

reasons for this type of design are again , time and expense. The flexible

coupling is pressed onto the end of the lower shaft and keyed to resist the

load torque . Other than the shaft , bearings, and assorted bolts , the entire

lower assembly is made of aluminum . The object of this feature is to lower

the weight , and therefore moment of inertia , of the lower portion of the system .

This lower weight is required in order to keep the power and speed combination

required to produce Torquewhirl to a reasonable value . (Note Linking in Fig . A-lA).

The conical plug is also keyed to the shaft in order to stand the load

torque . The plug is basical ly a truncated cone of 300 half angle. Holes are

‘1 drilled into and through the cone, to lighten it and to provide return ports

for fluid which is pumped to the top of the cone due to its rotation. The cone

L 4
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I
I fits snugly into a mating finned housing (Dwg . 10) . Th. housing holds the

i shearing fluid and is finned to provide for adequate cooling . Cooling of

the lower housing will be accomplished by the use of a standard blower whose r
I blast will be directed at the base of the finned housing . There is a cap

— 
plate (Dwg. 8) that covers the top of the housing to prevent spillage of the

I shearing fluid . This cap also holds the upper bearing for the lower shaft . S

— There is an assemblage of two wedges which is fastened to the top of the

housing cap plate (Dwg. 7).
— j  These wedges are used to provide adjustmen t of the film thickness of the

— 
shearing fluid . This adjustment allows the independent control of power dis-

sipation. Changes in the film thickness are effected by sliding the wedge in

— - a horizontal direction . The wedge angle is such that one half inch in wedge

motion results in seven thousandths of an inch of film gap change . The sliding

I wedge is held in position by an overhanging ledge that fits over the fixed

— . 
wedge . The adjusting screws also aid in maintaining the- wedge position .

I... A part which is not shown in this assembly drawing is the drag rod , which

— is used in adjusting the damping value of the whirling motion . The drag rod

is nothing more than a solid circular rod extending downward from the bottom

of the finned housing . The damping will be adjusted by raising or lowering

— 
the level of viscous fluid in a container in which the lower part of the drag

1 rod is immersed. The drag rod is to be attached to the bottom of the housing

— by adhesive.

The test rig as described is expected to operate at speeds between one

and two thousand revolutions per minute. Power dissipation is calculated to

be between eight and twilve horsepower . Theory predicts that , with the abov e

I limits on speed and power , there will exist numerous combinations that will

— 

I 
produce Torquewhirl in the system . The amplitud e and stabilit y of this whirl

-I 
-
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motion are to be measured using either capacitance or magnetic transduce rs

which are available. It is expected that this rig, as desig ned, will answer

the need for formal verifi cation of the Torq uewhi rl theor y .

L
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L Caption for Figure A-lA Page *25

— - r
The general method used to size the Torquewhirl test rig is outlined

in figure A-lA , Page A25. First it was necessary to choose a size and

shape for the rig . The required values I~ and 1~ were calculated .

was known between limits , and was used along with W 5 to force the system

within the bounds defined by f. If and turned out to be reasonable ,

the system then seemed to be within design limits . Next it was necessary

to test to see if the horsepower required to produce Torquewhirl was less

than the twelve horsepower limit . If the system required less than twieve
— 

h .p ., it was examined to det ermine if it would actually dissipate the

required amount . The lower the h.p. requirement the better since numerous

L. combinations of speed and pow er that satisfy the Torquewhirl theory would

— - then exist below the twelve h.p . limit . The selection of the fina l desi gn

was an itterative process , which was followed until all requirements of the

theory were satisfied.

— U
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Appendix B

Theory and Description
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Theory and Description

— 

of Test Rig 
S

— 
Figure B_i is a representation showing that as the radial tip clearance

of the blades of a compressor varies, there is a corresponding variation in

-- efficiency. Large radial clearances cause low efficiency, which in turn

requires increased work input in the form of large blad e forces to pro-

duce the required static-pressure rise. The output required of an axial-

— 
flow compressor is such that the axial pressure rise is the same for every

portion of the circumference.

— The local clearance in the X-direction is shown in Figure B-2. The

following is taken from the Journal of Engineering for Power (Ref. 1):

“Assuming rotor and stator to be perfect circles ,

— 
rotor displacement x will result in a circumfer-

ential variation of blade -tip clearance. The

— local clearance at position 0 is

~ ~m 
+ x cos 0 , where • mean clearance. S

— 
“Thermodynamic stage efficiency is a function of

— . tip clearance, the variation being proportional

to ratio of eccentricity to blade or bucket height .

— The local efficiency is S

S 

~ ~m~
’ + ~~cos0)

where is the average or mean efficiency corre-r ~~~

-

— (  sponding to the average or mean clearance, 6m~
H is the axial height of the blade. For turbines ,

— 

~ has a value of about 1.0 to 1.5. For compressors

with adequate stall margin , 8 also has similar values.

5- .
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— t4iltistage axial compressors with some stages

close to stall may have substantially higher —

S 
values. This results from the effect of tip

— 
clearance on stall pressure ratio.”

( I

“For a turbine with constant speed and
— constant entrance and exit conditions, the

output torque is directly proportional to the

local efficiency. The local torque per radian,

is then related to the average or mean

- torque, tm~ 
by the relation

— [ — t (l  + ~~cosO) .

- 1 The component of force taken in the direction

j - 

perpendicular to the instantaneous displacement ,

x, is per radian
- 

I-
~~~ 

. 
~F a-jcos0

;S
~ 

• —~-(1 . ~.!cos8)cos0

L The net force on the rotor perpendicular to the

instantaneous displacement is

- 
5

— — m 121r~~ +

‘Fr ~
— F~~s ~~ (48)

Total torque

t • j2 11 T
0

d0 - dt t m (~ 
+ ~—cosO)d9

(49)
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Combining equations (48) and (49) gives

rBz tBF~ - 
~j~

- - 
~~~~~~~~ 

- qx (50)

where

rBq - 5-ff

The total torque is related to hp and engine

rpm by
5- 

~~_
h p x 3 3 ,OO O x l 2

2irrpm

- 63,000 
~rpm) ’ in-lb

- S 

Therefore
— 

— 63,000(hp)Bq D~~x H x ( r P m )

- Rotation is assumed counterclockwise . A

— positive displacement along the x-axis causes

‘ S  a positive force in the y-direction . A

S 
positive displacement along the y-axis causes

- 
a negative force in the x-direction .”

i. Two test rigs have been built for the purpose of verifying equation

~~
- 

~~
- 50. The first test rig had several shortcomings which were corrected in 

S

the second test rig as follows . The design of the second test rig incor-

porated the salient features of the first, but had many added features ,

such as a heavy rigid frame to support the electric motor , shaft and rotor .

The new frame kept the vibration down to a minimum. A better lock mechanism

was provided to keep the shroud surrounding the rotor in place af ter the

eccentricity was introduced . Sturdy probe mounts were added , again to

keep the vibration down to a minimum. Slotted motor mounts were also added

to give the motor S degrees of freedom (3 translations and 2 rotations about

L. 555~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -5—-- 5 - --_-—-S---S-~~ — ~~~~~~~~~~~ _~_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S5-.5- SS~~~~~ 5- ~~~~~~~~~~
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horizontal axes) for easy aligning of the motor shaft , quill shaft and

rotor shaft with each other and for the use of different length quill 
;- 

S

shafts (see Sheet No. 20). Most important , what prompted the evolution

of the second test rig, the mean clearance between the blad e tips and the S

S shroud was reduced by 0.28 inches to a mean clearance of 0.050 inches . It

was felt that the large clearance caused the rotor to surge, which in

turn made it difficult to observ e any aerodynamic changes due to Alford ’ s 
-

•0~

force. The pitfalls of the first test rig were thus eliminated in the

— second test rig.

- The eccentricity was imparted to the rotor by moving the shroud in

a horizontal direction. It varied from 0.001 to 0.099 inches and could be

held in place anywhere in between . A probe used was a Bently proximeter

probe which measured horizontal displacement perpendicular to the eccentricity .

The “balancing top” (see Sheet No. 16) served as a surface for the probe to

act .

The rotor itself was mounted on an elastic beam (see Sheet No. 18)
S 

which allowed it to move in a horizontal direction perpendicular to the

blad e eccentricity when a small force was applied at the rotor blades .

Due to the non-concentric circumference of the balancing top, it was 
S

L necessary to build an L. C. Low-Pass filter to attenuate the A. C. component

of the signal produced by the Bently proximeter probe. The signal was dis-

played on an oscilloscope . The L. C. filter consisted of a 10 henry choke

- 
- in series with a lead to the oscilloscope and a 50 microfarad non -polarized

capacitor connected across the 2 leads entering the oscilloscope (in a parallel

configuration) .

I~~~~~~[i In order to verify equation 50 (Alford ’s equation) it was necessary to

know the hp output of the electric motor at various rpm-s. A dynamometer was

_ _ _- I  ~~~~~~~ 
S S-5~~-5. -
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designed and built for this purpose. It was an Eddy-Current dynamometer (Ref.2)

and the details of the design can be seen on Sheet No. 22 of the assembly

drawing. The eddy current brake has many advantages over the band or rope

S methods of motor-testing. Among these are :

— 
- - a. Sensitivity combined with convenience of adjustment (a virtually

infinite adjustment in torque)

5- b. Exact constancy after final temperature conditions have been

reached
— 

c. Heat produced in energy-absorbing element not conducted to the S

— 
bearings

d. Absence of wear

— The first three arise from the nature of the retarding force employed ,

and from the simplicity and fineness of rheostatic control. The continua l

stream of air outward past the copper disc carries away the heat . This is

— 
the advantage referred to in c.

The next phase of the research on this project will be to verify equation
— 50. The previous desig n work mentioned above will lead to an auspicious

S 

beginning of this phase. The Alford ’s equation will be compared with the

S measured plot of Alford ’s force vs. motor rpm (eccentricity held constant)

S — and also by a plot of the measured Alford ’ s force vs. eccentricity with motor

rpm held constant . [f Alfo rd ’ s equation does not predict the actual values ,

— than a new equation will be derived using the experimental data obtained from

the Alford test rig.

S _ _ _ _ _ _
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Appendj~ C
Torquewhirl of a Flexible Shaft Rotor

Reference 1 gives an exact fta~ctional solution to the nonlinear dif- -

•H
ferential equations of u~tion for a torque-loaded disk nx i.mted on a straight

rigid shaft , overhtmg from a flexible j oint . This solution shows that load

• torque alone can produce nonsynchronous whirling, with ançlitudes dependent

on the ratio of torque to daçing .
• A u~del which n~re closely approxim ates a real. u~chine, with a single

overhz~ g disk, is shown in Figure C-i. The shaft. of length 1 is asstm~d

to be flexible, but its ness is neglected as being insignificant ccm~ared

to the disk.
-
~~~~ Whereas the n~del of reference 1 has three degrees of freedom, the

[ i~ del of Figure C-i has five. If a driving torque along the Z axis is

reacted by aload torque aligned with the disk axis , then it might be

stçposed that the flexible shaft n~dei has a solution for nonsynchronous

whirl siailar to that of reference 1.

To investigate this , consider generalized coordinates , x , y, 8 , 4,

• (Figures C-i and C-2) . The advantage of the Euler angles is that whirling

is represented by constants , sii~ lifying the search for a solution. The

• x ,y coordinates do not have this advantage, and a whirling solution requires

harmonic (tine-dependent) fia~cticns . Therefore, consider replacing x ,y by

R,c., where R is the projection of ~~ on the xy plane and a is the angle

XOG. the caeplete set of coordinates is then R, a, 0, $, • and the kinetic

energy is expressed as

_ _ _ _ _ _ _ _ _ _ _  • - 
• 

• 
- ~~~~~~4.. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • •~~~~ • • •• ~~
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T a 
~~ M(R2 

+ (~~)2] 4 

~~~ 

4 ~~~~ +

— where

w~~a 3 s i n e s i n * + ê c O s *
w1- + s i n e c o s * - Ô s i n *
w2 a 4 , + ê c o s e

The potential energy is elastic (strain) energy stored in the shaft ,

and will be a ftaiction

V V(R, a, 0 ,4 , 4)
The potential energy is u~re easily written as V(X , Y , a

~
, a , 4)

where cix , a
1 

are disk rotations about x and y. Therefore , it may be

productive to derive transformations from x , y, o4~, a~, to R, a , 0 , 4.
Since ~ is pure twist, it n~y appear in an taic~~~led term.

The virtual work of the load torque produces the sm~ generalized torques

Q, and as in referen ce 1. Most of the external damping , however, will

act on ~ and M, rather than on è and ~.

A Simplifying Mstm~tion

Considerable simplification is accomplished by assimiing that the shaft

remains in the plane BOG when it bends , thus reducing the degree s of freedom

to four . An attractive set of coordinates is Lep 0 , 4, ~ (see Figures C-i and

C-2) also, let ~ 
- + w/2 and the following relationships can be written :

~ ~
2 L~ sine , (C-i)

tan, — , (C-2)

- _____________

-
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C4

tans ”~~~, 
(C 3)

(C-4)
x + Y

(C-5)

The body rates are :

— 3 sinosin4 + O cost, (C-6)

w>, — 4 sinecos* - O sine, (C-7)

— 4 + 4 cose. (C-8)

Note that w j~ 
w~.

• - 
The kinetic energy can now be written as

• T 4Mt (Le ~~~ # ~ COS8)~ (3 
~e sine) 2) + 4 I~t~

2 
+ ~z sin2e

• 
+ .

~~
. I~~, + ~ cose) 2 (C-9)

for a synInetri~ rotor (I~ ‘i) .

The potential energy is

V • V(e , te) (C40)

— The virtual work of the damping forces is

6W .  
~Cd[Le sine ‘~~e cose](6L e sine + Z ~ 6 0 coso)

- Cd[Le + sinO] CLe sine) 6$,

— 
and the virtual work 6f the drivin g torque and load torque is the same as in

reference 1.

- ---- ---- ‘ - -~~-~~~~~~~~~~--..-~- ~~~~~~~~~~~~~~~~~~~~~~~~~ 2~~~~~~~~~ _ —• — -~--.• ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~
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The three differential equations of nction are obtained by substitut ing

L - T -  V and the Q~ into

i - l , 2, 3

where q1 •Z~~, q 2 • e , q 3 • 4 , 44 a *,

The solution should be similar to that of reference 1.
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.1 Appendix D
Torquewhirl Stability Predictions for Mol ti-Disk Rotors

by the Transfer Matrix Method
-4.

Lund (reference 14) has extended the Mykiestad-Prohi transfer matrix

method to rotor-bearing systems which include damping and destabilizing cross-

coupled stiffness and damping coefficients. Whereas the Myklestad-Prohl method

yields only the imaginary part of the eigenvalues (i.e. the natural frequencies) ,

F the Lund method yields complex eigenvalues (i.e. both the natura l frequencies

and the logarithmic decrement , which is a stability predictor).

Currently the greates t limitation of Lund’s method (as with all other

• stabili ty analys es) is the lack of accurate information about the types of
I .’.

destabilizing excitations which exist in real machines and which therefore are

~ 
.1 to be used as input to the computer program. Torquewhi rl (re ference 1) has

recently been identified as one of these excitations. To put the tor quewhirl

forces into a Lund stability analysis, they uust be formulated in terms of

stiffness and damping coefficients.

The coordinates used in Lund’s analysis are shown in Figure D-1. In gen-

eral, the stiffness and damping coefficients are the matrices which define the

forces and moments on each disk in the x and y directions .

For example, the force on a disk in the x direction, due to disk displace-

ment and velocity, is

- CxxX - I(JCyY - ~~~ - C~1~
’ - - KXB B - 

~~~ 
- C~ ã

- and the matrix equation for the forces in all directions (on a single disk)

• 
— is

L _



__________________ — —~~~~~~~ —-.-_- ~~~-~~
-- - —.- —

‘I 
_ _:

i~~~~~ -iç~ Kxy Kxca KXB x C~ C~~ C~~ C~8 (X

F1 ~~~~~~~~~~~~~~~ y ~~~~~~~~~~~~~~~~~~~
- 

K~~ Kay Kcia K
~8 a 

- 

C~~ Cay C~~ C~~ ( ~*

F8)  ~~c ‘~ y KBa K 88 8 C~~ C 8~ C8 C aB

i
where F and P8 are actually moments on the disk.

_ It can be seen that there are a total of thirty two stiffness and damping
• coefficients defining the forces and u~nents on each disk. The off-diagonal

elements are called the cross-coupled coefficients.

For the rigid-shaft, flexible Joint , torquewhirl model in reference 1 ,

the disk rotation and translation coordinates are not independent (i.e. they

are related by a kinematic constraint). The constraint equations are R to

In polar coordinates or x2 + y2 
- (t sine) 2 in inertial coordinates.

Since the equations and generalized forces in reference 1 are written in

terms of Euler angles •, e , and ~, a coordinate transformation is required

• to derive the stiffness and damping coefficients, as follows (see Figure D-2):

First , the generalized torque Q, of reference 1 can be expressed as a

I. tan gential force (see Figure D-2)

F .Q,/R,

and the generalized m~i*,nt can be expressed as a radial force
— 

~R 
Q0/L cose.

It is Q, (or F,) which contains the destabilizing torquewhirl forces .

The transformation to x and y is

~~~~~~~~~~
• _ • .• __t •  • ._2 _ •__ .• _•— - _• __-_•.— - _•-—_ •~~- -_—_ - _—- - • S . - - - - - - 
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.1 Fx . F R COS$~~~F, Sifl4

Fy 
— FR sin, + P~ cost

1 
where

1 sin$ — 2 2
Si . (x + y )

j  cos. —
(x + y )

For the aerodynamic case (see reference 1), the generalized torque Q,

Q, — T5 - + 3 cose) 2 cose - 
~~~ 

sin3e) 32,

where

T5 — shaft torque
- ,  - disk load coefficient

- nonlinear damping coefficient

The shaft speed w5 is

1 w5 — 3 + 4

The shaft torque equals the disk load torque so that

T5 — (3 + 3 cose)2

Therefore the generalized torque Q, can be expressed as

— Q, — T 5 (1-cose]  ~~~ (L sin e) 32

J

L

_ _ _  _ _ _ _ _ _ _  - “•- •~~~~~~~~~ -- ~~~~~~ _~~~~~~~~~~~

_
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j Rigid-Shaft Model (Reference 1)
• The destabilizing part of Q, is the first term from the expression Just

above. The equivalent tangential force F~ is

F, — 2~
. — 

~(l cose)

The required relationships between R, e , and a , 8, and x, y are

R — ~x
2 + y2)

x • a Z

a n d e —  (a2 + 8 2) ½

Therefore , in terms of x and y, we can write

, 
+T (l~~ cos~X Y j  ]

F — 3
, (x2 +y Z)½

Keeping only the first two terms of the cosine series yields

I

or

F
~~
. -F, sine - - 7y ,

Fy • F
•

cos5~~~~ y x

.I
~. By inspection, it can be seen that the cross-coupled stiffnesses ar e

T

Ft

-~ ~4~• -~•. -
• -
~~ ____________ ~~~~~~ -k. ..-5.-.k-.-~~ ~~~~~~~~~~~~~~~~~~~~~~ .. . ... ~~~~~~~~~~~~~~~~ —— . -• --- ---—5. ---—.- - .- - - —-- —.5-
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It is interesting to note that and K~ have the same form as Alford ’s

coefficients for the effect of tip clearance asymetry in axial flow turbo-
- 

-
~ machinery (reference 7).

As a crude approximation, the above coefficients (K , K ) could be usedxy yx
for a flexible-shaft model by taking t as the axial distance from the disk

plane to a virtual pivot point , as determined by the mode shape.

Flexible-Shaft Model

When the rotor flexibility is distributed along the shaft, there is no

constraint between x, y and a , B 
- (see Figure D-1) . Therefore the virtual

work of the destabilizing torque nust be written in terms of x, y, a , and B.

This requires that the virtual displacement 6f be written in terms of sx ,

6y, 6a , and 68.

Since, the rotations of a disk are independent of the translations, it

-‘ can be seen that 6x and &y will not appear in 6~. This leaves only the vir-

• thai. angular displacements 6ct and 68 to be considered. A kinematical rela-

tionship between~~, a , and B is thus required.

Assuming this can be obtained, we proceed as follows:

For a nuiti-disk rotor, the destabilizing torque on the ~th disk is

Q, - n~T~(l - cose~)

-
• 

where

- fraction of the shaft torque accounted for by the nth disk

— (ct~ + (see Figure D-l)

Therefore the virtual work of the shaft tor que on the ~th disk is

—--5. — -——-~~~~~~~
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6W vt~~T3 (1 - cose~) 6e~

- The cross-coupled stiffness coefficients will then be

K

c : a

_ _ _ _ _ _ _ _  ~~~~~~~~~ -- -.- ~~~~-~~~~~~~~~ -- - --—-~~~~~—~~~~~~~
- 
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Derivation of the tharacteristic Polynomial from the Transfer Matrices

In the computer analysis of reference 14, the complex roots of the

characteristic equation are obtained by a numerical iteration algorithm.

In some cases involving a large nuther of mass stations along the rotor,

the algorithm has been known to miss certain roots . Also , the roots are not

determined in any particular order, and the higher order roots are less

accurately determined.

These shortcomings suggest that it would be advantageous to have the

characteristic polynomial available, so that more efficient compt~.er s~~-
— 

routines (“rootfinders”) could be used to determine the roots . Of course,

the polynomial could be obtained by expanding the determinant of the large

eigenmatrix, but this would require a very large ccmputer storage array ,

thus losing one of the advantages of the transfer matrix method .

Also, electrical engineering and controls technology have produced a

wide and powerful array of stability investigation techniques which use the

• - 
characteristic polynomial as a starting point . There is no reason to dot~t

that many of these techniques would be useful for rotor dynamic stability

studies.

Derivation of the characteristic polynomial by uultiplication of fifteen

or twenty(four by four) transfer matrices for a rotor is a challenging task.

Attempts to derive ftnictiaial expressions by direct nultiplication have been

successful only for four or less mass stations on the rotor. A numerical

— scheme is outlined in reference 15, but is implemented only for a simple

tmdamped beam vibrating in one plane. Therefore the most recent efforts on

this Grant have been directed toward deve1~~ing a fo~~ l scheme to generate

- 
the numerical values of the polynomial coefficients on a digital computer.

- t

- — - -~~~~ —- - —5. ..——-.- — , ..—
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To develop such a scheme, it was found helpful to begin with a somewhat

simpler , althoug h caiq,letely analogous, problem. This is the generation of

polynomial coefficients for torsional vibration of a nulti-disk rotor.
• ) Figure D-3 shows the model used.

The transfer equat ion across the ~th inertia station is

T T n + S 2Inen +s e nen + K ~0n

where S is the ccmplex eigenvalue.

Across the ~th (messless) shaft segment , the equations are

T - V• n+1 n

and

.4- en+l en~~~~ + c s

A numerical cccpitation of the eigenvalues, by Hblzer ’ s method , starts

with an assueçtion for S along with setting the arbitrary amplitude e~ 
- 1

at the left hand end. The transfer equations above are then used repetitively,

fran left to right along the length of the rotor, to calculate the right end

boundary torque. If this torque is correct , the assumption for S is known to

be an eigenvalue.

- Here, the transfer equat ions are to be used to derive the coefficients

- - 
of the characteristic polynomial , which has the form

— 
a0 + a1S + a2S2 + a3S

3 + . . . +

for an N- Inertia rotor with zero boundary torques. This can be achieved by
— 

either of the following two methods. (The case with no damping is illus-

trated for simplicity) .

••, ~~~
-

- ._~i_~ _ _

- S •
~~~~~~~~

• 
~~~~~~~~~~~
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Method 1:

i The amplitudes 0n and 0n+1 are eliminated by substitution from the trans-

fer equations to yield (for S - iw)

I T~ - T~~1(1 + ___  - w2 - T~~2

Start at the left end where n - 1 and work to the right by substitution.
- For example, substitute T~ for T~~2 and T~ for T~~1 to generate T~. T~ and

are made especially simple by the assumption O
~ 

- 1. They are

T~~~-w
2I1

and

T~ — _w2[i1 + 12(1 - w2 
a.)]

In the c~ çuter program, all parameters except w have numerical values .

Coefficients of like powers of w are sumned into an array as the nultiplica-

S tion progresses to the right end, where the boundary torque is zero.

Method 2:

1. The polynomial coefficients of the four-inertia rotor can be obtained

in the following form , which suggests a patte rn for the more general N-inertia
ii. system.

— 

k]k2k3(11 + 12 + 13 + 14)a0 11121314

L Ikik2 (1i + 12 + 13) k2k3(12 + 13 + 14) + 
k1k3(13 + 14)

— I 111213 
+ — i2j3T~~ 111314

+ 
k1k3(13 + 14)

1. 121314

3
I
L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~
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- - 
Iki(11 + 12) 

+ 
k2(12 + 13) + 

k3(13 + 14)1
a4 

~ 
1112 i2r3 1314 j

a6 1

- Extending the pattern to a five-inertia rotor yields

k1k2k3k4(11 + 12 + 13 + 14 + I~)
— IlI2I~

[
4I5

etc .

It appears that methods analogous to the two methods above can be

J developed to generate the characteristic polynomial for rotor whirl stability

predictions.
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Pigure D-ts Virtual Work in Terms of Coordinat•s
Used in Lund ’s Program

The position of the disk i~ described
- • by x ,y ,e~,ft (

~ is negligible andwie
constant )

x &y g t v e posttion of CO

~ &~ give angular ori entation of the
disk (Lund calls them8&~~)

- J
4

I
____________ X !Z  fixed in space

- (Newtonian)

.
Z~~~~~~~~~~~~~~~~~~~~~~~~~

y

0
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Coordinates of Cs a ,Ø
— o r x ,y

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Pigur. D-2 * aadtal and Tangential Poro•s on the
Dsflsotsd Doter Disk of Rsf•rsno. !.
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a) Disor stized Model
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fl’ S (n#1 1,........ ,(n+1)’
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£n+1
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I b) The nth - ststjon

- _ Pigur. D.~ s Rotor Model for Torsiebal Vibration
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